operated to treat DSW from 300 cows over an 11-month study duration. The filters 23 were loaded at a hydraulic loading rate of 30 L m -2 d -1 , applied in four doses through a 24 network of pipes on the filter surface. Average influent concentrations of chemical 25 oxygen demand (COD), SS and total nitrogen (TN) of 5,750 ±1,441mg L -1 , 602 ±303 26 mg L -1 and 357 ±100 mg L -1 , respectively, were reduced by 66, 86 and 57 % in the 27 filters. Effluent nutrient concentrations remained relatively stable over the study 28 period, indicating the effectiveness of the filter despite increasing and/or fluctuating 29 influent concentrations. Woodchip filters are a low cost, minimal maintenance 30 treatment system, using a renewable resource that can be easily integrated into 31 existing farm infrastructure. 32
Keywords: Dairy soiled water, woodchip, filter, wastewater filtration, nitrogen 33 removal, agricultural wastewater treatment, solids-liquid separation. 34
INTRODUCTION 36
weather, and management practices (Ryan, 1990; Minogue et al., 2010) . Dairy soiled 70 water is legally defined in Ireland as having a five-day biochemical oxygen demand 71 (BOD 5 ) of less than 2,500 mg L -1 and less than 1 % dry matter (DM) content (S. I. 72 No.610 of 2010). 73
Application of DSW to the land has long been the most common method of disposal 74 employed by farmers (Fenton et al., 2008) . However, when DSW is land applied at 75 rates that exceed the nutrient requirements of the pasture, it can create a number of 76 problems, the most significant threat being the loss of P and N in runoff (Silva et al., 77 1999 ; Regan et al., 2010 ) and subsurface leaching of N and, depending on the soil 78 type, P (Knudsen et al., 2006) . Other problems associated with the land application of 79 wastes include odour, greenhouse gas (GHG) and ammonia (NH 3 ) emissions 80 (Bhandral et al., 2007) , and the build-up of heavy metals in the soil (Wang et al., 81 have maximum respective organic loading rates (OLR) of approximately 5 g BOD 5 m -94 2 d -1 and 22 g BOD 5 m -2 d -1 (Healy et al., 2007) . In Australia and New Zealand, waste 95 stabilisation ponds are the most common method of treating DSW (Bolan et al., 96 2004 ). Though they are capable of successfully decreasing suspended solids (SS) and 97 BOD 5 concentrations to acceptable levels, they are not very successful at decreasing 98 nutrient concentrations (Craggs et al., 2004) . 99
Woodchip filters may be effective in treating DSW. Woodchip is already in use on 100 farms to provide outdoor standing areas for cattle during the winter months (Vinten et 101 al., 2006; O'Driscoll et al., 2008) . A study in Scotland (Vinten et al., 2006) found that 102 filtration through these outdoor woodchip standing areas, known in Scotland as 103
Corrals, resulted in a 5-to 10-fold decrease in faecal indicator bacteria concentrations 104 and dissolved organic carbon (DOC) when compared with fresh slurry. As a result of 105 state schemes introduced in the 1980s to encourage afforestation, Ireland has a young 106 forest stock and a large area of forests that have not yet been thinned (Teagasc 107 Forestry Development Unit, 2007). Thinnings from these young forests may provide a 108 steady supply of woodchips for use in wastewater filters. Such a treatment system 109 may provide a more economical and sustainable alternative to current management 110
practices. 111
Studies have examined the potential of wood-based products to treat various types of 112 were operational for eleven months and filter performance was tested by monitoring 145 influent and effluent waters for nutrients, SS and COD. 146
MATERIALS AND METHODS 147
Three replicate farm-scale filter pads were constructed at the Teagasc Animal and 148 Lateral pipes were closed off with a screw stop-end. These could be opened 177 occasionally to allow access to the pipe to clear any build-up of solids that might 178 restrict flow. 179
The distribution system for each filter pad was connected to a separate submersible 180 pump (Pedrollo, Tamworth UK) positioned in the final chamber of a 3-chamber DSW 181 tank. A HLR of 30 L m -2 d -1 was applied to the filters. This was applied in equal 182 volumes of 750 L, four times daily. Taking in to account head losses in the pipe, the 183 number of bends in the pipe, and the flow curve for the pump, the time to deliver 750 184 L to each pad was adjusted accordingly to range from 582 s to 898 s. Effluent from all 185 three filter pads was collected in a single tank and a submersible pump was used to 186 pump the effluent to a lagoon on the farm. taken, twice weekly, close to the location of the pumps delivering DSW to the filters. 190
Samples were frozen immediately and tested within a period of 14 d. The following 191 water quality parameters were measured: SS (filtered through 1.4 µm paper and dried 192 overnight at 103 -105 ºC); total COD (COD T ) and filtered COD (COD F ) (dichromate 193 method); unfiltered TN (TN) and filtered TN (TN F ) (persulfate method). After 194 filtering through a 1.4 µm filter paper, the following parameters were analysed using a 195 To assess the maximum amount of P the filter media was capable of adsorbing, a P 202 adsorption isotherm test was carried out on the wood used in the woodchip filter. 203
Solutions containing four known concentrations of PO 4 -P were made up: 21.51, 204 46.06, 61.4 and 92.13 mg PO 4 -P L -1 . Approximately 5 g of wood was added to a 205 container and was mixed with 115 ml of each solution concentration (n=3). Each 206 mixture was then shaken for 24 hours using an end-over-end mixer. The solids were 207 separated from the mixture using a centrifuge and tested for PO 4 -P. The data obtained 208 was then modelled using a suitably fitting adsorption isotherm (Langmuir or 209 Freundlich). 210
211
The decrease in the concentration of nutrients and other water quality parameters was 212 calculated as the influent concentration minus the effluent concentration, expressed as 213 a percent of the influent concentration. 214
RESULTS AND DISCUSSION 215
Organic carbon and SS removal 216 Influent COD T concentrations averaged 5,750 ± 1,441 mg L -1 and the filters achieved 217 a 66 % decrease on the influent concentration to produce an effluent that had a 218 concentration of 1,961 ± 251 mg L -1 ( Table 2 ). Much of the influent COD T was 219 associated with the particulate fraction, with COD F accounting for only 30 % of 220 COD T . While there was a 66 % decrease in COD T , there was only a 43 % decrease in 221 COD F , indicating that the filters were less effective at decreasing soluble COD. 222
Therefore, it was likely that physical filtration was the primary removal mechanism 223 for COD T . The aerobic nature of the filters would suggest that oxidation of organic 224 compounds also contributed to the decrease in concentrations of COD T and COD F . 225
The woodchip filters achieved an average decrease of 86 % in the concentration of 226 SS, decreasing the concentration from an influent value of 602 ± 303 mg L -1 to 84 ± 227 19 mg L -1 (Table 2) . From the start of operation, the filters achieved good decreases in 228 the concentration of SS. A laboratory study by Ruane et al. (2011) found that the 229 ability of woodchip filters to remove SS improved over time. In that study, the 230 woodchip used had been de-barked and passed through a 10 mm-diameter sieve; 231 therefore, the gradual build-up of SS in the pore space likely resulted in more 232 immediate SS removal. The presence of bark and smaller woodchip particles in this 233 study likely resulted in the immediate impact on SS concentrations. 234
Nitrogen conversion 235
An average influent TN concentration of 357 ± 100 mg L -1 was decreased by 57 % to 236
give an effluent concentration of 153 ± 24 mg L -1 ( the hypothesis that physical filtration was a primary removal mechanism in the filters. 242
The filters removed, on average, 58 % of the influent TN F from 217 ± 64 mg L -1 243
giving an effluent concentration of 74 ± 16 mg L -1 . Dissolved organic N accounted for 244 31 % of the influent TN F with the filters decreasing the DON concentration by 68 % 245 to 64.8 ± 25 mg L -1 . The most likely mechanism for decreasing the concentration of 246 DON is mineralisation to NH 4 -N. However, sorption onto the filter medium and 247 biological uptake could also have contributed to the decrease of DON. 248
The influent concentration of NH 4 -N was, on average, 134 ± 45 mg L -1 and decreased 249 by 72 % to 37 ± 10 mg L -1 (Table 2) supported by the concurrent increase in NO 3 -N and decrease in NH 4 -N in the effluent 12 from a concentration of 12.9 ± 10 mg L -1 to 22.5 ± 8 mg L -1 (Table 2) . Some 262 denitrification may also have occurred within the filter, leading to a loss of N in 263 gaseous form as nitrogen gas (N 2 ), N 2 O, or nitrogen oxide (NO x ). A portion of the 264 NH 4 -N may also have been volatilized. The pH of the effluent DSW was slightly 265 alkaline (Table 2) , which may have encouraged ammonia volatilization. However, 266 further investigation into the emission of gases from the filter would be required to 267 verify this. 268
Phosphorus retention 269
An average influent concentration of 36 ± 17 mg L -1 was recorded for PO 4 -P. This 270 decreased by 31 % to an average effluent concentration of 24.7 ± 3 mg L -1 (Table 2) On-farm management practises should be considered prior to selection of the pump to 334 deliver DSW to the filters and installation of the distribution system. Pump running 335 costs depend upon: the water volumes generated, the head loss in the pipe delivering 336 DSW to the filters, and distance from the holding tank to the woodchip filter. Ideally, 337 the holding tank should consist of at least two compartments: the first compartment 338 for the settlement of larger SS particles and the final compartment housing the pump 339 to deliver DSW to the filter for treatment. 340
341
The operational costs calculated in Table 3 are based on the average of three replicate 342 woodchip filters, each a different distance from the holding tank (between 4 and 20 343 m) and with different associated head losses, using 0.75 kW pumps operated, four 344 times daily, for between 582 to 898 s. 345
Management options for woodchip effluent 346
Two management options may be employed to re-use the final effluent from the 347 woodchip filters. Given the large volumes of fresh water used daily on farms to clean 348 down the holding yard and milking parlour, the effluent could be recycled to wash 349 down the holding yard. An alternative management option would be to apply the 350 effluent to the land. The high concentration of plant available nutrients and low SS 351 concentration would suggest it has potential to benefit plant growth and soil fertility 352 without the traditional problems associated with the land spreading of fresh DSW. concentration for discharge to a receiving water body of 50 mg NO 3 -N L -1 (WHO, 362 2006 ). If the effluent from the woodchip filters was to be applied to the land, 363 consideration would have to be given to the timing of application to avoid any 364 potential leaching or runoff to nearby receiving water courses. If applied at a time 365 when plant uptake is at it highest, this form of N would be very beneficial for plant 366 growth. Ammonium -N is also easily utilised by plants (von Wirén et al., 1997), and 367 this form of N is not as susceptible to leaching due to its positive charge which 368 attracts it to negatively charged soil and clay particles (Miller and Cramer, 2005) . 369
Organic N is not immediately plant available, but, in soil, it acts as a slow release 370 fertiliser and mineralises to NH 4 -N, therefore becoming plant available (Zaman et al., 371 1999 ). It is not very mobile in soil, so application and timing rates would be 372 determined based on the NO 3 -N concentration of the effluent from the woodchip 373 filters. Further investigation into the other fractions of P present in the effluent from 374 the woodchips would be required to determine the potential for long-term build-up of 375 P in the soil matrix. 376
377
If the effluent were to be reused as 'flush down' water in the holding yard of the 378 milking parlour, the concentration of microbes in the effluent would have to be 379 considered. This would determine the part of the farmyard on which this effluent is 380 most suitable for use. Potable water is usually recommended for washing down the tertiary treatment system such as a sand filter may be used to polish the effluent. 383
Using the treated effluent to wash down the holding yard would mean a reduction in 384 the on-farm consumption of fresh water. The potential increase in concentration of 385 NO 3 -N each time the water was cycled through the system, due to mineralisation and 386 nitrification, would lead to a very nitrate-enriched effluent. As has already been 387 outlined, this could be a very effective fertiliser, but care would also be needed with 388 application rates and timing to minimise the risk of nitrate leaching. 
